Pretoria, South Africa (Received 25 February 1957) Docosahexaenoic acid has been reported many times in marine oils. Toyama & Tsuchiya (1935) isolated such an acid from sardine oil, and suggested it was either the 4:8:12:15:18:21-or the 4:8:11:14:17:20-hexaene. Farmer & Van den Heuvel (1938) isolated it from cod-liver oil, and gave five possible structures, all with the end double bonds in positions 4 and 20. Matsuda (1942) obtained a docosahexaenoic acid from bonito oil, and proposed a A4:8:12:15:18:21 structure for it. Notevarp, Roald, Sletness & Nordli (1953) have reported the isolation of docosahexaenoic acid from herring oil, while Abu-Nasr & Holman (1954) obtained it from cod-liver oil and determined some of the properties of the ethyl ester. Docosahexaenoic acids have also been obtained from other natural sources. In each the 4: 7: 10: 13:-16: 19-hexaene structure has been proposed. Klenk & Lindlar (1955) isolated one from the glycerophosphatides of ox brain, and Klenk & Dreike (1955) have reported the presence of the acid in ox-liver phospholipid. A similar acid was isolated by Hammond & Lundberg (1953b) from hog-brain lipids. These authors inferred the structure on biogenetic grounds and from alkali-isomerization evidence.
The isolation of a docosahexaenoic acid from South African pilchard oil (Sardina ocellata Jenyns) is now reported. The methods of separation and identification were similar to those described in earlier papers of this series (see Silk & Hahn, 1954b; Whitcutt & Sutton, 1956) . The main product is considered to be the all-cis form of n-docosa-4:7:10:13:16:19-hexaenoic acid. The acid is believed to be between 84 and 90 % pure.
EXPERIMENTAL AND RESULTS
Melting points are uncorrected. General methods have been described in a previous paper (Whitcutt & Sutton, 1956) . Ultraviolet spectra were determined on a Unicam model SP. 500 spectrophotometer and infrared spectra on a Perkin-Elmer model 21 double-beam infrared spectrophotometer.
Isolation of the docosahexaenoic acid
Preparation of an unsaturated acid concentrate. Total pilchard-oil acids (967 g.) were fractionated by means of the lithium salt-acetone and urea-complex procedures to give 254g. of unsaturated acid concentrate (equiv. wt., 310; iodine value, 395). The procedures were the same as those described by Silk, Sephton & Hahn (1954) , except that the precipitation of the acids forming urea complexes was carried out in a single stage.
Esterification of the acid concentrate. The concentrate (232 g.) was dissolved in methanol (1 1.), boiled at 60 mm. pressure for i hr. with Norit F.Q.P. decolorizing charcoal (20 g.), filtered and allowed to stand for several hours at 00 in the presence of excess of diazomethane in ether. After removal of diazomethane and some ether, the product was separated between pentane and 10% aq. Na2CO3. Methyl esters (232 g.) were recovered from the pentane layer.
Molecular distillation of the unsaturated esters. The ester concentrate was subjected to three-stage molecular distillation in the still described by Sutton (1953) , the temperature and the rate offlow being adjusted so that about one-third of the material was removed as distillate after each cycle of three distillations. The fractions shown in Table 1 Reversed-phasepartition chromatography ofdistillate-4 acid8.
The conditions were the same as those described by Whitcutt & Sutton (1956) . The graph obtained when portions of the column eluate were titrated with methanolic 0-01N-KOH is shown in Fig. 1 . The acids were recovered by diluting each fraction with an equal volume of water and extracting with pentane (see Silk & Hahn, 1954b) . In all, about 500 mg. of fraction II was recovered from six chromatograms. Corresponding samples were not mixed but were assumed to be identical.
Fraction I was found to consist of the eicosapentaenoic acid described by Whitcutt & Sutton (1956 Hydrogenation product. Chain-length analysis of the above hydrogenation products (Silk & Hahn, 1954a) showed the presence of only C22 saturated acid. The unsaturated acid (60 mg.) was hydrogenated over Pd-BaSO4 in acetic acid. The product was filtered, extracted with pentane and crystallized twice from acetic acid. This material was usedin the melting-point determinations below. The residues were recrystallized from acetone and used in all other determinations.
The saturated acid had equiv. wt. 342, m.p. 79.0-79.3°, compared with equiv. wt. 340, m.p. 79.95°for n-docosanoic acid (Francis & Piper, 1939) . Mixed with synthetic ndocosanoic acid (m.p. 79.3-79.9°), it had m.p. 79-0-79*5°.
The X-ray long spacing of the product was 48x21 compared with 48-0O for synthetic n-docosanoic acid. Francis & Piper (1939) give a value of48-3 X for the C modification of n-docosanoic acid.
The X-ray powder patterns and infrared spectra in carbon disulphide of the hydrogenation product and of our synthetic acid showed no significant differences.
Oxidation products. The conditions of oxidation were similar to those described by Whitcutt & Sutton (1956) . The unsaturated acid (30 mg.) was dissolved in dry ethyl acetate (5 ml.) and acetic anhydride (1 ml.) and cooled to -80°. Ozonized oxygen (3 %) was passed through the solution at 120 ml./min. until a faint blue colour appeared. A stream of nitrogen was then blown through for 45 sec., after which acetic anhydride (1 ml.), H202 (1 ml. of '130 vol.') and acetone (3 ml.) were added with shaking. The solution stood overnight at 30°and was then boiled for 30 A further sample of the unsaturated acid (17 mg.) was oxidized with CrO8 under the conditions described by Eisenbraun et al. (1954) , and the steam distillate concentrated to a small volume. Paper chromatography (Lindquist & St6rgards, 1953) showed that the only volatile oxidation products were acetic and propionic acids.
Ultraviolet absorption. Apart from a slight inflexion at 232 m,u corresponding to 0-2 % autoxidation (Silk & Hahn, 1954b) , the docosahexaenoic acid showed no absorption in the 220-300 m,. region. The spectrum is given in Fig. 2 .
Alkali isomerization. The docosahexaenoic acid (11.2 mg.) was heated at 1800 under nitrogen in a 21% (w/w) solution of KOH in ethylene glycol for 8 min. (see Herb & Riemenschneider, 1952; Hammond & Lundberg, 1953a) . The absorption spectrum is shown in Fig. 3 .
Infrared absorption. The spectrum shown in Fig. 4 was taken in carbon tetrachloride solution (1-30%, w/w) except from 850 to 670 cm.-', where carbon disulphide solution (1-26%, w/w) was used.
Synthesis and degradation of methyl tricosahexaenoate. The docosahexaenoic acid (41 mg.) was used to prepare the methyl ester ofits higher homologue (see Whitcutt& Sutton, 1956 ). The product was ozonized, worked up as described above and the dicarboxylic acid fragments were chromatographed on paper. Malonic and glutaric acids were detected together with a smaller amount of succinic acid. The ozonolysis was repeated with the following modifications.
Wavelength (m,) Fig. 2 The band at 759 cm.-1 may be due to traces of chloroform. After blowing nitrogen through the ozonized solution, H202 (0.4 ml. of '130 vol.') was added, together with enou ,h acetone (about 3 ml.) to give one phase. This solution was allowed to stand for 20 min. at room temperature before being boiled for a few seconds. Most of the solvent was then removed under vacuum. Water (3 ml.) was added, and excess of solid Na2SO, to reduce all the H202 present. After warming and then standing for afew minutes, KOH solution (4 ml. of 25 %, w/v) was added, and the procedure continued as described above. Only malonic and glutaric acids were detected when the final product was chromatographed on paper.
DISCUSSION
The unsaturated acid melted over a range of 0-40. Its elementary analysis, equivalent weight and hydrogen uptake correspond to the values which would be expected for a docosahexaenoic acid.
Chromatographic examination of the hydrogenated material showed that only C22 acids were present. The hydrogenated counterpart, recrystallized from acetic acid, began to melt 0.90 below the upper limit of melting of our authentic specimen of n-docosanoic acid, and this latter point coincided with the literature value. A mixed melting point showed no depression. The X-ray long spacing of 48-2A is in agreement with the result (48-0A) on our authentic acid and with the value (4883A) reported by Francis & Piper (1939) . Neither the X-raypowder pattern nor the infrared spectrum differed significantly from those of n-docosanoic acid. The iodine value (446) is the only analytical result appreciably different from the theoretical value (464) for docosahexaenoic acid, but the difference is too small to be accounted for by the presence of acetylenic or allenic unsaturation. To settle the question of the exact degree of unsaturation of the acid our microhydrogenation procedure was tested with pure samples of unsaturated acids.
Results were found to be reproducibly 1-2 % high, and on this basis the correct unsaturation ofthe acid is 5-84-5-90 double bonds/molecule. Assuming, as is most probable from the known chromatographic behaviour of these compounds, that docosapentaenoic acid is the main contaminant, the docosahexaenoic acid is between 84 and 90 % pure.
Spectral evidence shows that the double bonds are not conjugated with each other nor with the carboxyl group, since there are no bands in the ultraviolet, and absorption below 240 mu, is much less than that shown by n-heptadec-2-enoic acid. The absence of infrared bands at 968, 990 and 3300 cm.-' rules out the possibility of tran8 or terminal unsaturation (see Bellamy, 1954) . A broad absorption band between 1370 and 1500 cm.-' may have obscured the characteristic 1379 cm.-' band of the methyl group. A distinct shoulder possibly due to the latter appears at 1395 cm.-'.
The only oxidation products detected by paper chromatography were acetic, propionic, malonic and succinic acids. Acetic acid may have arisen from further oxidation of propionic acid; both acids were present to approximately the same extent. Malonic acid was by far the most abundant product. The advantages of using an Arndt-Eistert synthesis to determine the position of the double bond nearest to the carboxyl group have been previously discussed (Whitcutt & Sutton, 1956 ).
Ozonolysis of the C23 homologue of the docosahexaenoic acid gave only malonic and glutaric acids.
On the basis of the evidence outlined above the main component of the material isolated can only be H,C CH2 *[CH: CH-CH2]6-CH2* CO2H (all cis-n-docosa-4:7:10:13:16: 19-hexaenoic acid). However, the possibility that other docosahexaenoic acids with different structures are also present in smaller amounts cannot be excluded.
The alkali-isomerization spectrum of the acid shows bands corresponding to conjugated diene, triene, tetraene, pentaene and hexaene, and is supporting evidence for the group Hammond & Lundberg, 1953a; Abu-Nasr & Holnan, 1954) .
Since the structure proposed above is in disagreement with all the earlier structures for docosahexaenoic acids of marine origin, it is desirable to review the evidence upon which these structures were based. Although the acids were obtained from various sources, the fatty acid compositions of different fish oils are often similar with regard to the distribution of chain length and unsaturation, and it is reasonable to assume that the same acids are present.
Toyama &Tsuchiya (1935) proposeda A4:8:l:l:18:21 or alternatively a A41114:1720, structure, on the basis of a quantitative examination of oxidation products, but it is difficult to assess the value of their results as only minor amounts ofpure products appear to have been isolated. Matsuda (1942) proposed a A48""12'15:18:21 structure based in part on identification of the ozonolysis products after partial hydrogenation of the acid in the presence of a nickel catalyst. Boelhouwer, Gerkens, Ong Tian Lie & Waterman (1953) , however, have shown that double bonds migrate readily under such conditions. Farmer & Van den Heuvel (1938) based their alternative structures, all with double bonds in positions 4 and 20 and with a *CH:CH CH2*CH2*CH:CH group somewhere in the chain, upon (i) identification of acetaldehyde, acetic acid and carbon dioxide as the only volatile oxidation products; (ii) identification of methyl hydrogen succinate after oxidation of the ester; (iii) production of 4-8 mol.prop. of acetic and 1-3 mol.prop. of succinic acid on complete oxidation of the free acid. It would be desirable to confirm these results by more modern techniques.
In no single case has the purity of a highly unsaturated C22 fatty acid of natural origin been properly established. Possible contaminants are closely related structures having similar chemical, physical and analytical properties which may counterbalance the effects produced by each other. Some polyene acids described in the literature, and with analytical values close to the theoretical ones, must to-day be considered of doubtful purity because of the relatively inefficient methods used in their isolation.
When closely related compounds are found together in Nature, biogenetic relationships may be of value in deciding the structure to be assigned in uncertain cases. The structure which has been proposed for the docosahexaenoic acid of South African pilchard oil is not only identical with that for the mammalian docosahexaenoic acids, but is also closely similar to the structure of the eicosapentaenoic acid described in Part 5 (Whitcutt & Sutton, 1956) . SUMMARY 1. Docosahexaenoic acid has been isolated from South African pilchard oil. Some of its properties have been determined and its degree of purity is discussed. Evidence is presented that the main component is the 4:7:10:13:16:19-hexaene.
2. The structures previously assigned to docosahexaenoic acids of marine origin are discussed.
The 
